Illumination of chloroplasts in the presence of NH20H (2 mM) leads to the destruction of all system II activities without affecting system I activity. The system II primary charge sep-aration remains intact when incubated with this agent in the dark with release of one of the system II Mn pools and simultaneous destruction of 02 evolving capacity. 6. Complete loss of 02 evolution capacity did not affect the photooxidation of NH20H, serving as an artificial electron donor to System 1I; electron transport to methylviologen showed a red-drop and in System II light proceeded with the low quantum requirement of -2 hv/equivalent.
5. The rate of 02 center destruction proved independent of redox buffering with either ferricyanide or ascorbate-dichlorophenolindophenol. 6 . Complete loss of 02 evolution capacity did not affect the photooxidation of NH20H, serving as an artificial electron donor to System 1I; electron transport to methylviologen showed a red-drop and in System II light proceeded with the low quantum requirement of -2 hv/equivalent.
Chloroplasts from summer greenhouse spinach (4) (5) Mn/400 chltotai or 50 to 60% of the Mn pool of the 02-evolving center) showed high quantum requirement for 02 evolution (5-6 hv/ equivalent) yet photooxidized NH20H with low quantum requirement (-2 hp/equivalent).
Although the inhibitory action of NH2OH on photosystem II has long been recognized (9, 11, 15, 20) , the complex mode of action of this inhibitor has only recently begun to be understood (2-4, 10, 21) .
Previously we noted that incubation of chloroplasts in darkness with NH2OH resulted in a progressive decay of 0. evolu1This work was financed in part by the Atomic Energy Commission (AT(30-1)-3706) and the National Aeronautics and Space Administration (NASW-1592).
tion capacity and a loss of two-thirds of the system II Mn pool (4) . The capacity of system II to oxidize NH20H, however, remained apparently unaffected.
This paper reports observations on the decay of 0, evolution induced by NH2OH and some of its derivatives in darkness and of parameters affecting this decay.
MATERIALS AND METHODS
Rate Measurements of 02 Evolution and Hydroxylamine Photooxidation. Rate measurements of 02 exchange were made polarographically as described previously (4) . Light from a 750-w projection lamp was focussed through 12 inches of HI0, 2 inches of 2.5% CuSO4, and an OG-3 filter onto the polarograph vessel. For assay of spinach chloroplast-Hill activity, the reaction mixture (1 ml) contained in ,umoles: TricineNaOH, 50: methylamine, 30; FeCN2, 1.6; and chloroplasts equivalent to 10 ,tg of chlorophyll.
Hill activity of Anacystis nidulans and Chlamydomonas reinhardi was assayed in a mixture containing in ,umoles: potassium phosphate buffer, pH 6.75, 50; FeCN, 2; freshly sublimed benzoquinone, 1.0; KCN, 1.0; and cells equivalent to 5 and 10 pg of chlorophyll, respectively. Scenedesmus cells (10 ,ug of chlorophyll) were assayed as described previously (5) .
The reaction mixture for DCIPH2 photooxidation contained in ,tmoles: Tricine-NaOH, 50; methylamine, 30; methylviologen, 0.1; KCN, 0.1; ascorbate, 5; DCIP, 0.10; DCMU, 2; and chloroplasts equivalent to 10 ,tg of chl/ml.
Cofactor studies for NH2OH photooxidation (8) indicated a requirement for viologen for obtaining maximal rates in low as well as high light intensities. However, the addition of methylamine (30 mM) yielded only a 1.1-fold increase in rate of NH2OH photooxidation in strong light (Vm.x from 800 to 900 eq/chl-hr). An "uncoupling factor" of 13.5 (Vma. from 100 to Absolute quantum yields were determined polarographically as described previously (4, 5) . Absorption measurements of chloroplasts were made in a double-beam integrating sphere with correction for scattering, using the same interference ifiters employed in the rate measurements. These filters (Thin Film Products, Cambridge, Mass.) were of 5 nm half-band width blocked to infinity on both sides of the peak transmission. Extraction of chloroplasts with NH.OH did not alter the absorbtion values of chloroplasts at 640, 650, and 710 nm.
The absorption values obtained were essentially the same as described previously by Schwartz (17) .
Preparation of Chloroplasts, Culture of Algae, and Extraction Procedures. Chloroplasts from spinach were prepared (16) in a medium containing 0.4 M sucrose-0.05 M Tricine-NaOH-0.05 M NaCl, pH 7.4. Chloroplast extractions with hydroxylamine were routinely made at 4 C by suspending chloroplasts (50 or 200 ,ug of chl/ml) in grinding medium containing neutralized hydroxylamine. After a specified time of extraction, cold STN was added (7 volumes), and chloroplasts were recovered by high speed centrifugation in a Model RC-2B Sorvall centrifuge as described previously (4) . The chloroplasts then were washed twice with 8 ml of STN. Alternately, chloroplasts were "extracted" directly in the polarograph. In this procedure chloroplasts were equilibrated in the FeCN Hill-reaction assay medium after which hydroxylamine was injected through a small hole in the vessel cap. This procedure could not be used with the N-methyl and 0-sulfonate derivatives of hydroxylamine, since they reacted rapidly with FeCN. Extraction of algae was made at 23 C by suspending cells (200 Mg of chl/ml) in 1 ml of 0.02 M potassium phosphate, pH 6.75, containing neutralized hydroxylamine. After designated times, 7 ml of phosphate buffer was blown in, and the cells were recovered by rapid centrifugation. Subsequently, the cells were washed repeatedly (two to four times), with 8 ml of phosphate buffer before determination of Hill activity.
Scenedesmus and Anacystis cells were cultured as described previously (5, 6) . C. reinhardi, wild type, was cultured at 25 C on minimal medium supplemented with 0.2% sodium acetate (19) . Illumination was provided with a bank of cool-white fluorescent lights supplemented with tungsten lamps providing 600 ft-c incident. Cells were harvested by centrifugation at 25 C and then washed twice in 0.02 M potassium phosphate buffer, pH 6.75.
'Mn-Labeled chloroplasts were prepared from 'Mn-labeled spinach plants cultured in nutrient solution (4) . Mn analyses were made as described previously (4) .
Chloroplast chlorophyll determinations were made as described by Arnon (1). Chlorophyll a was determined for Anacystis following extraction with 80% (v/v) acetone. A millimolar extinction coefficient of 82 (13) (663 nm) was used. For chlorophyll determination of Chlamydomonas and Scenedesmus, a modification (4) of the extraction procedure of Milner et al. (14) was used.
Source and Preparation of Solutions of Hydroxylamine and Its Derivatives. Hydroxylamine HCl (A.C.S. certified) was obtained from Fisher Scientific Company, Fair Lawn, New Jersey. Derivatives of hydroxylamine were obtained from K and K Laboratories, Plainview, New York. Solutions of these compounds were adjusted to the pH of the extraction media, rapidly chilled to 4 C, and used immediately. Despite these precautions, decomposition of some of the derivatives, particularly the 0-sulfonate derivative, was indicated by gas emanation from the solution and an ever decreasing titer using Mn4-pyrophosphate as oxidant. In the following we consider mainly the effects of NH20H in darkness. A later report will consider in detail the effect of illumination on the photosystem IL trapping centers of NH2OH-poisoned tissues.
Effect of Dark Extraction with NH2OH upon 02 Evolution by Chloroplasts and Algae. Figure 2 shows the effect of the time of extraction with NH.OH upon the Hill activity of a green alga (Chlamydomonas, curve 2), a blue-green alga (Anacystis, curve 1 and 1', assayed at high and low light, respectively) and spinach chloroplasts (curve 3). The abscissa represents the preincubation time at 24 C prior to addition of diluent and rapid centrifugation. Despite attempts to minimize the extent of decay in initial time periods by addition of diluent and rapid recovery of cells, we always encountered a loss of activity at t = 0, as evidenced by a failure of any of the curves of Figure 2 Despite this discrepancy at t = 0, the results of Figure 2 show that the loss of 02 evolution was kinetically similar with either type alga or with chloroplasts; all curves showed apparent first-order kinetics. As shown by curves 1' and 1 (assayed at low and high light, respectively) the rates of decay of the quantum yield and the saturation rate were very similar in Anacystis as well as in chloroplasts (data not shown). This suggests that NH20H destroys entire 02-evolving centers. Thus, the previously described (4) The results presented in Figure 3 and Figure 3 inset suggest at least two modes of action of NH2OH in darkness upon the 02-yielding reactions: (a) a first order destruction of the 02-evolving complex; and (b) an immediate inhibition of 02 evolution.
Effect of Temperature, pH, and Redox Buffering upon the Rate of Decay of 0°Evolution. We examined the effect of temperature, pH, and redox buffering upon the rate of decay in darkness of the NH2OH-induced loss of 0, evolution.
Temperature. Figure 4 shows typical data relating the effect of temperature to the rate of decay. At 24 C the half-time of the decay was 5.9 times greater than at 4 C. For a 20 C change the results indicate a Q1,o of 2.43, which corresponds to an activation energy of 14.5 kcal for 02 center destruction by NH20H.
pH. Hydroxylamine, a weak base (pKa = 6.04 at 20 C) (18) , exists in solution either protonated or unprotonated. The effect of pH was studied to determine which of the two species invokes loss of 02 evolution.
In the experiments of Figure 5 , spinach chloroplasts were extracted at 4 C with 2 mm NH2OH in sucrose media buffered at various pH values. After removal of NH20H by washing, the rates of 02 evolution with FeCN as electron acceptor and of NH20H photooxidation with viologen as electron acceptor were determined. Figure 5 shows first that conditions leading to a considerable loss of 02 evolution do not seriously impair the system II sen- Equilibration of the NH20H-extracted chloroplasts with ascorbate-DCIPH2 did not "restore" the 02 evolution of NH2OH-extracted chloroplasts. Such a restoration has been reported recently by Yamashita (personal communication) for tris-extracted chloroplasts (4, 22) . It appears that extraction with NH2OH may be relatively more specific than tris extraction for the destruction of 02 centers. We conclude from results of Figure 6 that Under the experimental conditions (namely, in STN at 4 C) the effect of NH20H saturates at about 5 mm and in a 10-min exposure results in abolishment of 02 evolution (Fig. 7) and loss of about two-thirds of the total Mn pool of chloroplasts (Fig. 8) (Fig. 7) as well as loss of Mn (Fig. 8) . Very high concentra-
Comparison of the effectiveness of hydroxylamine and some of its derivatives for inducing loss of 02 evolution. Chloroplasts (200 /.tg chl) were suspended in 3 ml of STN, pH 7.4, at 4 C. The compounds noted in the figure were added to yield concentrations given on the abscissa. After 10-min incubation in darkness 3 volumes of STN were added, and chloroplasts were recovered (see "Materials and Methods"). FeCN Hill activity then was determined in saturating light. Original Hill activity was 1056 eq/chl -hr. tions (100 mM) of the N-methyl derivative produced the same effect as low concentrations of NH20H both with respect to Mn and 02 evolution. NH20CH,, however, even at high concentrations (100 mM) did not have appreciable effects.
In other extraction experiments (15 min at 4 C in STN, pH 7.4), the following compounds (10 mM) caused the loss of neither chloroplast Mn nor 02 evolution: KCN, N,-, NO,-, NO2-, and NH.. NH. was ineffective even in 100 mm concentration and in the presence of a mild reductant such as ascorbate (5 mM). The oxidation potentials (12) for converting hydrazine or NH2OH to NO are about 0.25 and -0.04 v, respectively. Nevertheless, hydrazine which is isoelectronic to NH20H proved much less effective than NH20H; 15-min extraction with 20 mm hydrazine at pH 7.5 yielded a 38% loss of 02 evolution and 36% loss of chloroplast Mn.
Effect of NH.OCHL in the Light. Although 0-methylhydroxylamine proved only slightly effective in darkness, in the light this compound yielded irreversible decreases of 0°evolution.
Curves 1 and 2 of Figure 9 show the rate of 0, evolution in the absence of inhibitor at two intensities both in the region of linearity of rate with intensity. Upon admission of strong light, a high and sustained rate was observed with both samples (curves 1' and 29.
In the presence of NH2OCH. (10 mM) , irradiation with the same intensities yielded rates of 02 evolution as described by Curves 3, 3', 4, 4', and 5'. In each instance, the 0-methyl derivative was injected into the dark equilibrated vessel 30 sec before illumination. Comparisons of curve 3 with curve 1 (I = 1.13 %, with and without inhibitor, respectively) and curve 4 with curve 2 (I = 3.5%, with and without inhibitor, respectively) show that the rates of 02 evolution are not inhibited initially by 0-methylhydroxylamine but decline slowly during the illumination with low light. In subsequent strong illumination, the initial rates (curves 3' and 4') reflected the preceding illumination, i.e., the higher intensity of preillumination resulted in a lower rate in subsequent strong light. Curves 3' and 4' show that continued irradiation with strong light resulted in a rapid abolishment of rate; moreover, in subsequent light-dark cycles no 0. evolution was seen. In curve 5', no preillumination with weak light was used. In this case the rate of 0, evolution initially was equivalent to the control rate (curves 1', 2') and declined exponentially with a decay half-time identical to that for curves 3' and 4. We have also observed that chloroplast Mn is lost (60-70%) with irradiation of chloroplasts in the presence of NH2OCH,. These effects upon the loss of 02 evolution were essentially independent of dark preincubation (a 4 min dark equilibration at 24 C with 10 mM NH2OCH. yielded only 27% inhibition of the initial rate). We conclude that this compound affects system II primarily in the light. It thus reacts quite differently from NHKOH.
Quantum Yields of 02 Evolution and NH20H Photooxidation by Exacted and Unextracted Spinach Chloroplast. Previous results (4) and those in the preceding sections showed that Mn-extracted chloroplasts photooxidized NH20H at appreciable rates in broad band red light, thus yielding suggestive evidence that system II trapping centers are not seriously damaged by extraction with NH2OH. To examine this further we studied the effect of NH,OH extraction of chloroplasts upon the quantum yields of H20 and NH20H photooxidation with monochromatic light. Figure 10 shows typical results of such measurements with monochromatic light sensitizing primarily system II (640 nm) and system I (710 nm).
Curves 1 and 2 describe the rates of H20 photooxidation by unextracted chloroplasts with either FeCN or viologen as electron acceptor as a function of the rate of absorption of 640 and 710 nm quanta, respectively. From the linear portion 
